Abstract: Erythropoiesis may be limited by absolute or functional iron deficiency or when chronic inflammatory conditions lead to iron sequestration. Intravenous iron may be indicated when oral iron cannot address the deficiency. Ferric carboxymaltose (FCM) is a nondextran iron preparation recently approved in the United States for intravenous treatment of iron deficiency anemia (IDA) in adult patients with intolerance or unsatisfactory response to oral iron or with nondialysis-dependent chronic kidney disease. The full dose is two administrations of up to 750 mg separated by at least 7 days (up to 1500 mg total). FCM can be injected in 7-8 min or diluted in saline for slower infusion. The efficacy and safety of this dose was established in two prospective trials that randomized over 3500 subjects, 1775 of whom received FCM. One trial showed similar efficacy of FCM to an approved intravenous iron regimen (1000 mg of iron sucrose) in 2500 subjects with chronic kidney disease and additional cardiovascular risk factors. The other trial showed superior efficacy of FCM to oral iron in subjects with IDA due to various etiologies (e.g. gastrointestinal or uterine bleeding). In these trials, there was no significant difference between FCM and comparator with respect to an independently adjudicated composite safety endpoint, including death, myocardial infarction, or stroke. A database of 5799 subjects exposed to FCM provided a safety profile acceptable for regulatory approval. Mechanistic studies demonstrated that the transient, asymptomatic reduction in serum phosphate observed following FCM administration results from induction of fibroblast growth factor 23, which in turn induces renal phosphate excretion. An elevated hepcidin level may identify patients with IDA who will not respond to oral iron but will respond to FCM. The ability to administer FCM in two rapid injections or infusions will likely be viewed favorably by patients and healthcare providers.
Introduction
Erythropoiesis may be limited by absolute iron deficiency (e.g. inadequate dietary intake) or functional iron deficiency (e.g. intake inadequate to accommodate an increased erythropoietic rate due to circumstances such as blood loss or treatment with an erythropoiesis-stimulating agent). Erythropoiesis may also be inhibited in the presence of adequate iron stores when chronic inflammatory conditions lead to iron sequestration [Goodnough, 2012] . Oral iron (in addition to a thorough evaluation of the cause) is usually the appropriate initial treatment for anemia due to absolute iron deficiency, but a significant proportion of patients will not respond adequately [Killip et al. 2007] . This may be due to poor compliance secondary to gastrointestinal side effects which include nausea, vomiting, and cramping. In addition, poor absorption of iron in the gastrointestinal tract occurs in conditions of chronic inflammation [which may accompany disease states contributing to iron deficiency anemia (IDA)]. Chronic inflammatory conditions lead to elevated hepcidin levels which in turn lead to the intracellular degradation of ferroportin, the transport molecule present on intestinal epithelial cells required for the transport of iron from the gut lumen into plasma [Goodnough et al. 2010] . Lastly, oral iron may be inappropriate in conditions of severe IDA in which oral iron may not be able to replenish iron stores rapidly enough to avoid blood transfusion.
For these circumstances a variety of intravenous iron preparations have been developed. All are composed of elemental iron combined with a carbohydrate that tends to reduce the biological reactivity of iron, which may cause undesired adverse effects (sometimes referred to as nontransferrinbound iron reactions). The earliest intravenous irons utilized dextran; while effective at reducing nontransferrin-bound iron reactions they have been associated with allergic/anaphylactic reactions, which may be fatal [Faich and Strobos, 1999; Qunibi, 2010] . Subsequent iron preparations utilized nondextran carbohydrates; iron sucrose injection (Venofer, Luitpold Pharmaceuticals, Shirley, NY, USA) and ferric gluconate injection (Ferrlecit, Sanofi-Aventis, Bridgewater, NJ, USA) were designed to result in fewer hypersensitivity reactions. However, a major limitation of the second-generation intravenous iron agents is that, due to a less stable iron-carbohydrate complex, there may be toxic reactions to nontransferrin-bound iron. They therefore cannot be administered in large doses and the typical 1000 mg therapy requires several clinic visits [Qunibi, 2010] . Several retrospective studies have provided evidence that low molecular weight iron dextran may be used to treat IDA with a similar safety profile to that of iron sucrose or ferric gluconate [Auerbach and Al, 2008; Sinha et al. 2009 ].
Two newer iron formulations permit much higher single doses of intravenous iron to be administered over shorter periods of time. Ferumoxytol, an iron oxide with a carbohydrate coating, has demonstrated superiority over oral iron supplementation in adult patients with chronic kidney disease (CKD), and was approved by the US Food and Drug Administration (FDA) for use in CKD in 2009 [Lu et al. 2010] . The recommended dose is two 510 mg injections, 3-8 days apart.
Ferric carboxymaltose injection (FCM) (Injectafer, Luitpold Pharmaceuticals, Inc., Shirley, NY, USA; Ferinject, Vifor Pharma Ltd, St Gallen, Switzerland) , the subject of this review, is a nondextran preparation which can be administered at single doses of up to 750 mg (USA) to up to 1000 mg (outside USA) over short intervals [Lyseng-Williamson and Keating, 2009; FDA, 2013c] . FCM is approved in over 50 countries, including several in Europe, Australia, and South America since its initial approval in Europe in 2007. Since its first approval in Europe more than 1 million patients have been treated with FCM. FCM (Injectafer) was approved in July 2013 by the FDA for the intravenous treatment of IDA in adult patients intolerant to oral iron or who have had unsatisfactory response to oral iron as well as in adults who have nondialysis-dependent (NDD) CKD [FDA 2013a ]. The usual total dose is two administrations of up to 750 mg separated by at least 7 days (up to 1500 mg total), depending on weight. It may be administered either as an undiluted slow intravenous push at the rate of approximately 100 mg per min (i.e. over 7-8 min) or by infusion, in which case 750 mg of FCM is diluted in up to 250 ml of 0.9% sodium chloride solution and administered over at least 15 min.
The approval of FCM was delayed in the US because at the time of its initial review by the FDA in 2006-2008 there were safety concerns, including a potential imbalance of deaths in randomized controlled trials of 5:1 (FCM to comparators). Although none of the deaths were considered to be drug related, after a meeting of the Drug Safety and Risk Management Advisory Committee in February 2008 [FDA, 2013d] , the FDA did not approve FCM. Subsequent to the Committee meeting, the FDA recommended that Luitpold conduct further safety and efficacy trials, preferably at a reduced dose. This review summarizes the efficacy and safety database that was compiled in response to the FDA's recommendations, focusing on two large efficacy and safety trials.
Pivotal 750 mg FCM studies
Two trials were designed and conducted in collaboration with the Duke Clinical Research Institute and an academic steering committee to demonstrate the efficacy and safety of FCM (two doses at 15 mg/kg to a maximum of 750 mg per dose), evaluating a cross section of subjects representative of the patient population for which FCM was intended. The inclusion criteria included subjects with IDA in the setting of CKD (trial 1) or IDA in any clinical setting (trial 2). The inclusion criteria for both trials were designed to be broader than typical phase III trials of intravenous iron formulations with no exclusions for high blood pressure, asthma, human immunodeficiency virus/acquired immunodeficiency syndrome, history of exposure to a hepatitis virus in the absence of active disease, or most drug allergies (except for known hypersensitivity reactions to FCM or iron sucrose). Both trials included an independently adjudicated primary composite cardiovascular safety endpoint composed of death due to any cause, nonfatal myocardial infarction, nonfatal stroke, unstable angina requiring hospitalization, congestive heart failure requiring hospitalization or medical intervention, arrhythmias, or protocol defined hypertension or hypotension events during the 120 days following randomization. A predefined secondary composite excluded protocol-defined hypertension or hypotension events. A predefined third composite was limited to the major adverse cardiac events of death, myocardial infarction, or stroke. The components of the composite safety endpoint, which was the same for both trials, are detailed in a manuscript describing the design of trial 1 [Szczech et al. 2010] .
Additional study-specific design elements and efficacy results are provided below. Pooled safety data are provided subsequently.
Trial 1: IDA in high-risk NDD CKD (REPAIR-IDA)
Trial 1 (REPAIR-IDA) was conducted in over 2500 adults with CKD and other risk factors for cardiovascular disease. Its primary objective was to evaluate the cardiovascular safety and efficacy of FCM compared with iron sucrose (1000 mg administered as five infusions of 200 mg) in subjects with IDA and an elevated risk for cardiovascular events. It was a multicenter, randomized, active-controlled, open-label study in subjects with NDD CKD. Eligible patients had IDA defined as hemoglobin (Hgb) up to 11.5 g/dl as well as ferritin up to 100 ng/ml or ferritin up to 300 ng/ml if transferrin saturation (TSAT) was 30% or less; and high-risk NDD CKD defined as either glomerular filtration rate (GFR) less than 60 ml/min/1.73 m 2 or GFR less than 90 ml/ min/1.73 m 2 and either evidence of renal injury by urinalysis or elevated Framingham cardiovascular risk score. Subjects were randomized to FCM or iron sucrose in a 1:1 ratio. The primary efficacy endpoint was mean change in Hgb from baseline to the highest observed Hgb between baseline and day 56 or time of intervention [transfusion, use of intravenous iron outside the protocol, or increased dose of erythropoiesis-stimulating agent (ESA)]. The primary safety endpoint was the proportion of subjects experiencing at least one of the following events: death due to any cause, nonfatal myocardial infarction, nonfatal stroke, unstable angina requiring hospitalization, congestive heart failure requiring hospitalization or medical intervention, arrhythmias, hypertension or hypotension during the 120 days following randomization. Additional efficacy endpoints included the proportion of subjects achieving an increase in Hgb of at least 1 g/dl any time between baseline and day 56 or time of intervention and the mean changes from baseline to the highest observed ferritin and TSAT values any time between baseline and day 56 or time of intervention [Szczech et al. 2010] .
Efficacy results. The mean age of study patients was 67 years (range 19-96); 64% were women; 54% were white people, 26% were African American, 18% Hispanics, and 2% were other races.
With regard to the primary efficacy endpoint (change in Hgb from baseline to day 56 or time of intervention), the FCM regimen was shown to be noninferior to the iron sucrose regimen. Subjects randomized to FCM in the modified intentionto-treat (mITT) population (defined as subjects who received at least one dose of randomized study medication, had at least one post baseline hemoglobin assessment) (N = 1249) had a baseline hemoglobin of 10.3 g/dl with a change to highest level at day 56 or time of intervention of 1.1 g/dl and subjects randomized to iron sucrose in the mITT population (N = 1244) had the same baseline of 10.3 g/dl with a change to highest level at day 56 or time of intervention of 0.9 g/dl. Key efficacy endpoints (Hgb, ferritin, and TSAT) are shown in Table 1 . The efficacy and safety results for REPAIR IDA have been published [Onken et al. 2013b] .
Trial 2: IDA in a broad range of patients Trial 2 was a randomized, open-label, multicenter study of subjects with IDA in a broad range of clinical settings, including heavy uterine bleeding, gastrointestinal disorders, the postpartum state, and subjects with IDA and a history of bariatric surgery. Inclusion criteria included Hgb up to 11.0 g/dl, ferritin up to 100 ng/ml or up to 300 ng/ml if TSAT was 30% or less. Subjects who satisfied all of the inclusion and exclusion criteria [Onken et al. 2013a ] entered cohort 1 or 2.
Cohort 1 was designed to assess subjects who did not respond adequately to an initial course of oral iron. The primary objective was to demonstrate the efficacy and safety of FCM compared with oral iron in subjects in cohort 1. Subjects underwent a 14-day (run-in) course of oral iron (ferrous sulfate, 325 mg, three times daily). The 14-day run-in criteria were selected based on a review of phase III studies of subjects with IDA in the postpartum period or IDA and heavy uterine bleeding or inflammatory bowel disease. It was observed that subjects who achieved an increase of less than 1 g/ dl in 14 days were less likely to achieve satisfactory responses to oral iron at the end of the respective studies than those who achieved an increase of at least 1 g/dl in 14 days. Thus, subjects with an increase in Hgb of at least 1 g/dl despite compliance of 67% or more based on pill count were not randomized. All other subjects were randomized to group A, FCM (two injections of 750 mg of iron injected at a rate of 100 mg/min on days 0 and 7) or group B, oral iron for an additional 14 days.
Cohort 2 -Subjects with either a history of severe intolerance to oral iron, considered too anemic for oral iron, or who were intolerant of oral iron during the 14-day run-in period for cohort 1 were assigned to cohort 2 and randomized to group C, FCM (two injections of 750 mg injected at a rate of 100 mg/ min on days 0 and 7, the same as group A) or group D, another intravenous iron [intravenous standard of care (SC)]. Intravenous SC was iron sucrose for 90% of subjects. For both cohorts, the primary efficacy endpoint was the change in Hgb from baseline to highest value between baseline and day 35 or time of intervention (transfusion, use of oral or intravenous iron outside the protocol, or increased dose of ESA) in the mITT population.
Efficacy results. In this trial, the mean Hgb increase was significantly greater in group A FCM than group B oral iron: 1.57 versus 0.80 g/dl (p = 0.001), satisfying the primary efficacy objective. A post hoc comparison of group C (FCM) and group D (intravenous SC) also demonstrated significant mean increase in Hgb from baseline to highest value by day 35 or time of intervention in group C versus group D: 2.90 versus 2.16 g/dl (p = 0.001). Changes in Hgb are summarized in table 2. The efficacy and safety results for this trial have been published [Onken et al. 2013a] .
Pooled safety results for trials 1 and 2
In trials 1 and 2 collectively, a total of 192 subjects (10.82%) in the FCM group and 172 subjects (9.65%) in the pooled comparators group met the primary composite safety endpoint. The 95% confidence interval (CI) for the difference between FCM and pooled comparators was −0.88% to 3.22%. The inclusion of zero difference in the CI provides evidence for equivalence in cardiovascular risk for FCM and pooled comparators. The pooled comparators group included subjects without CKD who received oral iron in trial 2 and were at lower cardiovascular risk than the subjects with CKD who received FCM in trial 1. The most common component of the primary composite safety endpoint was protocol-defined hypertensive events in the FCM, iron sucrose, and pooled comparator groups (5.97%, 4.13%, and 3.48% respectively). These events were transient elevations in systolic blood pressure, sometimes occurring with facial flushing, dizziness, or nausea. These elevations generally occurred immediately after dosing and resolved within 30 min. No significant clinical sequelae were associated with these elevations [Onken et al. 2013a [Onken et al. , 2013b FDA, 2013b] .
More subjects in the pooled comparator group (47, 2.64%) experienced an event of protocoldefined hypotension, defined as a transient decrease in blood pressure, than in the FCM group (27, 1.52%). The prespecified secondary composite endpoint, which excluded protocoldefined hypertensive or hypotensive events, was more nearly equal with 72 (4.06%) subjects in the FCM group and 74 (4.15%) subjects in the pooled comparator group experiencing such events. In addition, the number of major adverse cardiac events (death, myocardial infarction, or stroke) was trending lower in the FCM group, 26 subjects (1.46%), compared with the pooled comparator group, 39 subjects (2.19%), although the difference did not reach statistical significance. Importantly, the number of deaths due to any cause was noticeably higher in the pooled comparator group (21, 1.18%) compared with the FCM group (16, 0.90%), strongly indicating that the death imbalance observed during the initial FDA review was the play of chance and that the cardiovascular safety profile of FCM is favorable. A summary of the primary composite safety endpoint for trials 1 and 2 is presented by treatment group in Table 3 .
Other adverse events Drug-related adverse reactions reported by at least 1% of treated patients in the two primary maximum 750 mg FCM infusion studies are shown in Table 4 . Other adverse reactions reported by at least 0.5% of patients treated with FCM include abdominal pain, diarrhea, γ glutamyl transferase increased, injection site pain/irritation, rash, paraesthesia, and sneezing. Transient decreases in laboratory blood phosphate levels (<2 mg/dl) were observed in 27% of patients in trials 1 and 2 [FDA, 2013c] . The change in blood phosphate is described in detail below.
Other trials of the 750 mg dose
In addition to trials 1 and 2, three other trials were conducted to evaluate the safety of the 750 mg dose (i.e. 15 mg/kg up to a maximum of 750 mg); two of them also evaluated efficacy. Two of these three trials compared FCM with equivalent numbers of subjects randomized to SC iron regimens (which could include any approved intravenous or oral iron regimen, at the investigator's discretion) [Barish et al. 2012] . These two trials exposed a total of 709 subjects to FCM [as either single (N = 366) or multiple (N = 343) doses]. The third trial, with a safety database of 82 subjects exposed to FCM, compared the efficacy and safety of FCM, 750 mg to 78 subjects exposed to iron dextran injection [Hussain et al. 2013] . Collectively, the safety and efficacy findings of these trials were entirely consistent with those of trials 1 and 2, although there was no composite cardiovascular endpoint. Not surprisingly, there were more hypersensitivityrelated reactions in subjects randomized to iron dextran injection (10.3%) compared with subjects randomized to FCM (0%) [Hussain et al. 2013] . 
Pooled phase II/III database
In addition to the five trials that evaluated the 750 mg dose, 15 additional short-term phase II or phase III trials were conducted, several of which are published. These trials included subjects with IDA in association with CKD [Charytan et al. 2013; Qunibi et al. 2011] , heavy uterine bleeding [Van Wyck et al. 2009 ], gastrointestinal disease [Evstatiev et al. 2011; Kulnigg et al. 2008] , and the postpartum state [Seid et al. 2008; Van Wyck et al. 2007] , as well as subjects with iron deficiency and chronic heart failure (CHF) [Anker et al. 2009 ].
In some of these trials, subjects were administered up to 1000 mg in a single dose. The total shortterm phase II/III database of 20 trials, including the five trials with the 750 mg dose, evaluated a pooled safety database of 5799 subjects exposed to FCM, a larger database than for any other intravenous iron formulation reported to date. Drug-related adverse reactions reported by at least 1% of treated patients are shown in Table 5 . In this larger database the event rates are compared between subjects exposed to FCM and subjects exposed to oral iron, any intravenous iron, or pooled comparators (includes any intravenous iron formulation available at the time the trials were conducted, i.e. iron sucrose, ferric gluconate, or low or high molecular weight iron dextran, or oral iron as well as placebo). As described above, intravenous iron is used in clinical situations when oral iron is inadequate or inappropriate, and its adverse event profile is known to be different than that of oral iron. When comparing FCM to other intravenous iron formulations, the rates of nausea, injection site reactions (i.e. discoloration, extravasation, or pain), headache, hypertension, dizziness, vomiting and diarrhea are fairly similar. The rates of dysgeusia and hypotension are lower in the FCM group compared with the other intravenous iron group. However, the rates of decreased blood phosphate, flushing, and increased alanine aminotransferase are higher in the FCM group than the other intravenous iron group.
Postmarketing experience FCM is currently marketed in approximately 40
countries, most prevalently in Europe, and has approval in over 50 countries. The following serious adverse reactions have been most frequently reported from the postmarketing spontaneous reports with FCM: urticaria, dyspnea, pruritis, tachycardia, erythema, pyrexia, chest discomfort, chills, angioedema, back pain, arthralgia, and syncope [FDA, 2013c] .
Hypersensitivity reactions
Hypersensitivity reactions, including some which are fatal, are adverse events that occur to some In the two primary FCM 750 mg trials, serious anaphylactic/anaphylactoid reactions were reported in 0.1% (2/1775) of subjects receiving FCM and 0.1% (1/1783) of subjects receiving a comparator. Other serious or severe adverse reactions potentially associated with hypersensitivity included, but were not limited to, pruritus, rash, urticaria, wheezing, or hypotension and were reported in 1.5% (26/1775) of subjects; the same rate of 1.5% (26/1783) was observed in the pooled comparator group. In the larger pooled phase II/III database the rate for FCM was 0.9% (51/5799) compared with 0.8% (42/5272) for all comparators combined, and 1.5% (37/2439) for the other intravenous iron comparators [FDA, 2013b] .
Hypertension
As described above, protocol-defined hypertensive events were the most frequent events in the adjudicated composite endpoint of the primary 750 mg infusion trials, and were found to be significantly higher in the FCM group compared with comparator groups (Table 3 ). These events included elevated blood pressure readings taken during the observation period immediately following study drug administration and adverse events of elevated blood pressure (i.e. necessitating an unscheduled healthcare visit) that could be reported any time after the subject left the study site. Most of the events in the FCM group occurred during the observation period immediately following study drug administration and most resolved within 30 min. The adverse event of hypertension was also reported more frequently in the FCM group than the pooled comparator group in trials 1 and 2 (3.8% versus 1.9%, Table 4 ). It was also greater for FCM than pooled comparators in the pooled phase II/III database (1.3% versus 0.7%, Table 5 ), although the rate was similar to that of FCM in the pooled IV iron group (1.4%, Table 5 ). The FCM prescribing information recommends monitoring patients for signs and symptoms of hypertension following each FCM administration [FDA, 2013c] .
Injection site reactions
Injection site reactions (including injection site discoloration, injection site extravasation, or injection site pain) may occur with any intravenous iron. Such reactions were reported in 1.6% of subjects receiving FCM in the pooled phase II/ III database compared with 1.8% of subjects receiving any other intravenous iron (Table 5) . These discolored regions may be long lasting (several months) and can be a cosmetic concern. It has been found that the incidence of injection site discoloration after FCM administration may be greatly reduced by the practice of flushing the infusion catheter with saline before withdrawing the needle to avoid dribbling of FCM into the subcutaneous tissue.
Transient reductions in blood phosphate levels
A consistent finding in clinical trials of ferric carboxymaltose has been reductions in serum phosphate levels. The serum phosphate level normally ranges from 2.5 to 4.5 mg/dl (0.81-1.45 mmol/ liter) in adults. Clinical sequelae of low serum phosphate are rarely observed unless the phosphate level is approximately 1 mg/dl (0.3 mmol/ liter) or lower. The complications associated with phosphate levels lower than 1 mg/dl for 2 or more days may include rhabdomyolysis, respiratory failure, acute hemolytic anemia, arrhythmias, and death [Liamis et al. 2010] . In the two primary 750 mg studies, 26.9% of subjects exposed to FCM experienced reductions in serum phosphate from normal levels to levels less than 2 mg/dl compared with 0.7% in those exposed to iron sucrose or pooled comparators. The median number of days to first value below the normal range was 14 days in the FCM, iron sucrose, and pooled comparators groups. Additionally, among subjects whose phosphate value returned to within reference range, number of median days to recovery was 21 days in the FCM group and 14 days in the iron sucrose and pooled comparators groups. None of the low phosphate values in either trial were associated with serious adverse events [FDA, 2013b] . In nearly all cases there was no clinical sign except for the low laboratory value. In a single literature report, a 55-year-old women with chronic anemia who received six injections of FCM (500-1000 mg/dose) over 9 months was diagnosed with hypophosphatemic osteomalacia which resolved after discontinuation of FCM [Moore et al. 2013] .
The cause of low phosphate following FCM has been speculated to possibly result from increased cellular uptake of phosphate by hematopoietic cells during accelerated erythropoiesis [Van Wyck et al. 2007 ]. However, a randomized clinical trial was conducted by the sponsor in which women with IDA due to heavy uterine bleeding were treated with 1000 mg of either FCM or iron dextran. Hemoglobin levels were increased to similar degrees in both groups. However, only FCMtreated subjects experienced decreases in phosphate, indicating that the phenomenon is due to something unique to FCM, possibly the carbohydrate moiety of the molecule [Wolf et al. 2013] . The study showed that levels of fibroblast growth factor 23 (FGF23), an osteocyte-derived hormone that regulates phosphate and vitamin D homeostasis, became transiently increased in the FCM group alone, which was followed by increased urinary fractional excretion of phosphate, decreased calcitriol levels, and increased parathyroid hormone levels, as well as a transient, asymptomatic reduction in serum phosphate to levels less than 2.0 mg/dl. These data appear to confirm the hypothesis suggested by others that certain iron preparations induce levels of FGF23 which induces transient renal excretion of phosphate [Schouten et al. 2009 ].
The trial by Wolf and colleagues also revealed that in situations of IDA (i.e. before treatment with intravenous iron when the average baseline Hgb level was 9.5-9.8 mg/dl) subjects had remarkably elevated levels of FGF23, but only when measured with an antibody that recognized the C-terminal moiety of the molecule (cFGF23). Levels of FGF23 measured with an antibody that recognizes only full-length, intact FGF23 molecule (iFGF23), demonstrated normal levels at baseline. The levels of iFGF23 dropped transiently only after treatment with FCM. These data support a model, suggested by others [Imel et al. 2011] , that IDA leads to an increase in the secretion of FGF23 by osteocytes, possibly by inducing its transcription. Levels of cFGF23 accumulate but levels of iFGF23 remain the same, possibly due to a counterbalancing posttranslational cleavage of the FGF23 protein.
Treatment with intravenous iron may inhibit transcription of the fgf23 gene so cFGF23 protein levels decrease, but only certain intravenous iron preparations, such as FCM, appear to also inhibit the post-translational cleavage of FGF23 protein so that full-length FGF23 (iFGF23) transiently accumulates. This model is illustrated in Figure 1 .
Hepcidin levels may identify patients who will not respond to oral iron As described above, IDA may be treated with oral iron, which is inexpensive and not associated with the risk of serious hypersensitivity reactions. However, many patients may not respond adequately to restore their hemoglobin levels to the normal range or avoid a blood transfusion, either because oral iron could not restore the iron levels fast enough or because the absorption of iron from the gastrointestinal tract is inadequate [Weiss and Goodnough, 2005] . Transport of orally ingested iron from the gut lumen to the circulation requires the transmembrane molecule, ferroportin. Intracellular levels of this transporter are downregulated when hepcidin levels become elevated, which occurs when iron stores are adequate or high (i.e. negative feedback) or in response to inflammatory cytokines such as interleukin 6 and C-reactive protein [Nemeth, 2010] . Inflammatory cytokines similarly downregulate ferroportin in reticuloendothelial cells responsible for the recycling of stored iron [Goodnough, 2012] . Intravenously administered iron may still be clinically useful under such circumstances because it may be transported directly to erythropoietic cells bound to molecules such as transferrin without the need to enter or exit reticuloendothelial cells.
Trial 2 was designed to evaluate FCM in subjects with IDA of any etiology who did not demonstrate a 1 g/dl increase in Hgb after the 14-day oral iron run-in period (with documented oral iron compliance ≥67%) [Onken et al. 2013a] . It also provided the opportunity to test whether baseline hepcidin level could be used to prospectively identify subjects unlikely to respond adequately to oral iron . Based on hepcidin values recorded from 240 subjects, it was shown that a baseline hepcidin level of over 20 ng/ml, predicting unresponsiveness to oral iron with a sensitivity of 41.3%, a specificity of 84.4%, and a positive predictive value (PPV) of 81.6%. PPVs for baseline ferritin greater than 30 ng/ml or baseline TSAT greater than 15% were 59.2% and 55% respectively. Negative predictive values for hepcidin, ferritin, and TSAT were 46.3%, 22.7%, and 19.7% respectively. A receiver-operator analysis demonstrated that hepcidin was a superior predictor of unresponsiveness to oral iron than ferritin or TSAT [i.e. only the hepcidin curve was above the line defined by X (1 -specificity) =Y (sensitivity); Figure 2 ] . Nonresponse to oral iron therapy does not rule out responsiveness to intravenous iron: subjects who did not respond adequately to the 14-day oral iron run in who were randomized to intravenous iron still demonstrated a robust response to FCM, with Hgb increases of 1.7 ± 1.3, compared with a Hgb increase of 0.6 ± 0.9 g/dl for subjects randomized to an additional 14 days of oral iron treatment (p = 0.0025).
Conclusion
FCM has been available in Europe since its approval in 2007 and it is currently marketed in [Wolf et al. 2013] . cFGF23, C-terminal moiety of fibroblast growth factor 23; FCM, ferric carboxymaltose; FGF, fibroblast growth factor 23; iFGF23, intact fibroblast growth factor 23.
over 40 countries in Europe and elsewhere. Approval in the USA was delayed due to an imbalance in deaths that existed at the time of its initial review by the FDA in 2006-2008. Since that time several additional trials have been completed, including two trials exposing over 3500 subjects with IDA to FCM (two doses of 15 mg/ kg up to a maximum single dose of 750 mg administered at least 7 days apart for a total of up to 1500 mg). These two trials, which included an independently adjudicated composite cardiovascular endpoint, confirmed the safety of FCM for the treatment of IDA in a variety of clinical settings. There was no imbalance of deaths in these two new trials or in the complete database, which included 5799 subjects exposed to FCM. Taken together, the clinical trial data for FCM support its ability to treat IDA in adult patients for whom oral iron is either not tolerated or is not effective and in adult patients with CKD. The management of IDA should focus on identifying and if possible treating the underlying cause. In many cases oral iron may be the appropriate adjunct for restoring iron and hemoglobin levels. Frequently, however, oral iron may not be able to restore iron levels rapidly enough to prevent the need for a blood transfusion, or oral iron may not be tolerated or may not be absorbed appropriately from the gastrointestinal tract. For example, when anemia is accompanied by chronic inflammation, elevated levels of hepcidin may induce the proteolytic degradation of ferroportin molecules which are necessary for transporting iron from the gastrointestinal tract to the circulation. Evidence exists that hepcidin may provide a useful clinical tool for identifying such patients who will never respond adequately to oral iron. Preliminary evidence also exists that FCM may be useful for treating iron deficiency in other clinical situations, including restless legs syndrome and CHF. The ability to treat IDA that is unresponsive to oral iron in a broad range of patients in two rapid administrations is likely to increase patient compliance and reduce the expenditure of healthcare resources (e.g. infusion chair time).
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